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Abstract

The aim of the reported research is to contribute to investigation of new processes and methods interlinking nuclear and
laser-plasma physics. With respect to requirements of nuclear experiments at medium-size high-power lasers, the selection
of proper candidates for studying the excitation and decay of low-lying nuclear states is reviewed. An experimental
approach to the identification of low-energy nuclear transitions is discussed, simple estimates of the 181Ta excitation
yield in the laser-generated plasma provide a theoretical basis for planning future work. First tests and results of the
experiments at the laser facility PALS are presented.

Keywords: Laser-produced plasma; Low-energy nuclear transitions; Photonuclear excitation; Plasma diagnostics; X- and
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INTRODUCTION

The possibility to initiate nuclear processes by the action of
light quanta had been considered even before the invention
of the laser; a survey of the basic concepts and earlier theor-
etical studies covering the field of photo-induced low-energy
nuclear processes can be found in publications (Bohr &
Mottelson, 1969; Matinyan, 1998). With the advent of the
laser, the theoretical and experimental interest in these
phenomena has been renewed despite the fact that theory pre-
dicted a very small direct coupling strength of the laser
photons to a nuclear system (Matinyan, 1998; Cowan
et al., 1999; Beliaev & Arefyev, 1999). The first experiments
with low-energy excitation of 235U (Izawa & Yamanaka,
1979) in a hot dense plasma were performed using a
natural uranium target and a modest-parameter CO2 laser
(1 J, 100 ns). Although the interpretation of the obtained
results was later questioned, these experiments initiated a
detailed investigation of the basic alternative mechanisms

of excitation of low-lying nuclear levels (Harston &
Chemin, 1999): direct photoexcitation, inelastic electron
scattering, inverse internal electron conversion (IIEC, some-
times called nuclear excitation by electron capture, NEEC),
nuclear excitation by electron transition (NEET), and
inverse electronic bridge (IEB). The analysis of these pro-
cesses indicates that in dense plasmas with temperature
close to the excitation energy of low-lying nuclear levels, res-
onance mechanisms (direct photoabsorption, IIEC, and IEB)
are the most efficient (Tkalya, 2004). Their schematic dia-
grams are shown in Figure 1. The yield of the direct photo-
excitation is particularly high if the energy required for the
nuclear level excitation Eexc coincides with the photon
energy hnpl of a strong characteristic (bound-bound) line
emission of the plasma. The principle of the IIEC is the
capture of a proper-energy electron from the plasma conti-
nuum at an ionized atomic level (bound-free transition); the
energy released in this process excites the nucleus via a
virtual photon hnb-f. If Eexc is close to the energy of the
atomic bound-bound transition hnb-b, then the channels for
the atomic deexcitation are supplemented by the non-
radiative mechanism NEET; this process is however rather
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rare. The IEB excitation is based on the fact that the widths of
the atomic levels are much larger than those of nuclei, thus
increasing the width of the working interval of the plasma
photons; the transition from the initial state Ei proceeds via
the transient state En to the final state Ef.

The invention of the chirped pulse amplification (CPA)
made it possible to study the laser-matter interactions at inten-
sities above the relativistic limit Il2

� 1018 Wcm22mm2 (at
these intensities, free electrons quiver with energies larger
than those corresponding to their rest mass). The direct laser-
radiation excitation of the nuclei is expected at intensities
1028 W/cm2. The energy transfer accompanying the inter-
actions at energy fluxes 1018–1021 Wcm22 results in the accel-
eration of the electrons to energies as large as 10–300 MeV
and even into the GeV regime (Malka & Fritzler, 2004;
Karmarkar & Pukhov, 2007; Lifschitz et al., 2006; Yin
et al., 2006). In most of the experiments, these relativistic elec-
trons convert to g-rays via their deceleration in relatively thick
high-Z targets and subsequently initiate photo-nuclear
processes, typically (g, mn) (m ¼ 1, 2, 3. . .), and (g, fission)
reactions (Ewald et al., 2003). Alternatively, protons and ener-
getic heavy ions emitted from the primary laser-irradiated
targets strike the secondary low- or middle-Z targets inducing
further nuclear and even fusion reactions (McKenna et al.,
2003; Schwoerer, 2006). This sort of experiments can be per-
formed at large, petawatt laser facilities like the National
Ignition Facility at the Lawrence Livermore National
Laboratory or VULCAN at the Rutherford Appleton
Laboratory (Danson et al., 2005) but also at table-top, short-
pulse, high-repetition-rate lasers based on Ti-sapphire technol-
ogy (Kalachnikov et al., 2001; Nickles et al., 2007; Mangles
et al., 2006). Consequently during the last 10 years, the
studies of photo-nuclear reactions induced by high-power
lasers have become one of the most intensively developing dis-
ciplines of the contemporary high-energy-density physics
(Ledingham & Norreys, 1999; Ledingham et al., 2003).

The laser-matter interactions at intensities up to Il2
�

1016–1017 Wcm22 (i.e., at intensities routinely available
either at standard high-repetition lasers, or at medium-size
high-power lasers like the Prague Asterix Laser System
PALS (Jungwirth et al., 2001, 2005) produce subrelativistic

plasmas with much lower temperature of electrons, typically
in the keV energy range (with the hot electron temperature up
to 50 keV). However, even these electron energies are suffi-
cient to excite, either directly or indirectly (via bremsstrah-
lung or characteristic X-ray line emission from the hot
dense plasma), the low-lying nuclear levels. Despite a rela-
tively good availability of the laser systems capable of pro-
viding the requested intensities, the precisely measured
data sufficient to verify the nuclear levels structure and the
reaction cross sections, to guide the planning of future exper-
iments, and to enable significant advances in a number of
areas of science and technology (such as fundamental
nuclear physics studies, g-radiation physics or material
research), are rather scarce (Karamian & Carroll, 2002).

The hitherto experiments have been performed both with
stable isotopes and nuclear isomers (Irwin & Kim, 1997;
Andreev et al., 2000, 2002). In particular, the possibility
of exciting the nuclear states in longer-living isomers via
the action of the laser-produced plasma is extremely attrac-
tive. The decay of these isomers through electromagnetic
transitions is normally strongly inhibited, therefore the inter-
action of their levels with externally-introduced photon
fluxes provides an important probe of nuclear structure
(Carroll, 2004). At the same time, certain isomers can store
large amounts of energy for a relatively long time, thus
their triggered depopulation (following the laser-induced
excitation) can in principle stimulate powerful pulses of
g-rays. The energies of photons required for triggering
depend on particular nuclei and deexcitation schemes, they
span from units to several hundreds of keV. In general,
such photons are routinely produced at laser systems provid-
ing intensities above 1016–1017 Wcm22. Although the pro-
posals to trigger the release of the isomer energy by
exciting them to higher levels associated with freely radiating
states have been formulated long ago (for a review of this
subject, see e.g. Olariu & Olariu (1998)), the attempts to
verify this concept are characterized by a considerable
controversy.

The recent attempts to reproduce earlier experiments
resulted in negative results (Fedosejefs et al., 2005; Gobet
et al., 2006), their validity and interpretation is often

Fig. 1. Resonance mechanisms for excitation of low-lying nuclear states: direct photoabsorption of the thermal plasma radiation (a),
inverse internal electronic conversion (b), inverse electronic bridge (c).
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doubted. This reflects difficulties generally met in the realiz-
ation of complex experiments directed at the identification of
the laser-induced low-energy nuclear phenomena: (1) selec-
tion of the isotopes and nuclear transitions to be studied,
modeling of conditions for effective excitation of relevant
processes; (2) optimization, production, and handling the
nuclear (especially isomeric) targets; (3) generation of the
intense plasma sources tuned with respect to initiation of
the studied transitions, complex characterization of nuclei
surroundings and competing processes; (4) application of
advanced methods and instrumentation for the detection of
products accompanying the decay of excited nuclear states,
extraction of energy- and time-resolved signals from a high-
level background typically met in target chambers; (5)
interpretation of the obtained results with respect to under-
lying theories, comparison of the observed process yields
with predictions of quantitative modeling.

The purpose of this paper is to contribute to the optimiz-
ation of the research directed to a verification of the contro-
versial issues. With respect to a specific character of the
nuclear experiments at medium-size high-power lasers
(characterized by energies of several hundred joules deliv-
ered in subnanosecond pulses to the targets with the active
surface area of about 1024 cm2, thus creating relatively
large volumes of the long-lived hot dense plasmas with an
increased probability for observation of the sought phenom-
ena), we review the selection of proper candidates for inves-
tigation of excitation and decay of low-lying nuclear states.
Making allowance for a current research directed at the
search for nuclear excitations in laser-irradiated Ta targets,
we present preliminary results and discuss an experimental
approach to these studies. Finally we formulate general con-
clusions and requirements for future research.

CANDIDATES FOR EXCITATION OF LOW-LYING
NUCLEAR LEVELS

Systematic selection of nuclei effectively excited by an action
of focused laser beams represents a starting point for studies
of laser induced nuclear processes. An extensive survey of
possible candidate nuclei suitable for photoexcitation using
laser-produced plasma photons with energy 1–30 keV has
been carried out. Excited nuclear levels decay to the
ground or other lower-lying levels primarily by the electro-
magnetic interaction (typically within 10215–10212 s) in
the form of emission of a g–ray or of an internal electron
conversion (IEC) (Bohr & Mottelson, 1969). With decreas-
ing transition energy (Eg ,, 100 keV), the latter mechan-
ism becomes increasingly dominant. The total decay rate is
defined as GT ¼ (1 þ a) � Gg, where a is the IEC coeffi-
cient. The competition between g–ray emission and IEC is
expressed by the decay branching ratio which depends on
the transition energy and multi-polarity (difference in spin
and parity) of the levels involved. In addition, similar to
the case of nuclear excitation, atomic shell ionization can

strongly affect the relative probability of alternate decay
mechanisms and the decay half-life.

The search was carried out throughout the nuclide chart
using an extensive database (Sonzogni, 2007) and the
detailed up-to-date spectroscopic information (Tuli, 2007).
Screening criteria involved primarily the energy and the half-
life of the excited nuclear levels (a reliable identification of
the decay of the laser-excited levels requires the half-life
of de-excitation of the given level to exceed the duration of
the laser plasma flash pulse). Other very important par-
ameters, e.g., the effective cross-sections for excitation of
given nuclear levels, could not be taken into account
because of the lack of the required data. On the other
hand, we considered the spin and parity of the levels
involved in the potential transition (these parameters deter-
mine the transition multi-polarity XL). Electromagnetic tran-
sitions of the low multi-polarity were preferred, as the
transition probability decreases with increasing transferred
angular momentum. We thus decided to restrict our search
for electric E1–E3 and magnetic M1–M3 transitions. An
additional criterion was introduced by the basic radiochemi-
cal material properties of the prospective targets (Lide,
2003). Fabrication, transport, handling, and cost of the
material can severely limit the target choice. Nuclei with
low natural abundance and unstable nuclei, namely those
with short half-life, may require special production and/or
enrichment procedures. Isomers require to be separated not
only from other reaction products and near-lying isotopes
but also from identical nuclei which are not in the excited
(isomeric) state. The large activity of short-lived nuclei can
result in a large release of heat and high radiation dose.
For example, the interaction chamber and the whole exper-
imental area may be contaminated if even small amounts
of highly radioactive material disperse. The handling precau-
tions hold even for normally nonirritating materials like
181Ta; tantalum compounds may cause tumors and its
metal dust is a fire and explosion hazard source. Short
half-lives complicate accumulation, transport and handling
of the target materials.

The search criteria were applied for stable and long-lived
unstable nuclei as well as for isomeric nuclei. The different
schemes of the excitation and decay of these two groups of
nuclei are shown in Figure 2. In stable and long-lived
unstable nuclei, the processes of excitation and deexcitation
realize between the same ground and excited E* levels,
i.e., the absorbed and emitted transition energies Et are
equal and the delay between their absorption and reemission
depends on the lifetime of the excited state. In isomers, the
laser-induced excitation does not originate from the ground
state but from the long-lived excited level with the energy
Em and lifetime T m

1/2. The excitation proceeds via the tran-
sition energy Et, the decay of the excited E* level with the
lifetime T*

1/2 brings the nucleus either to the ground state
or to one of the lower-lying excited states by emitting the
energy Eg, i.e., the energy accumulated in the isomeric
state is released. In addition to the decay by g–ray or IEC
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emission (indicated in Fig. 2), other modes of de-excitation
may occur, such as b decay.

The selected results of the search for nuclei with suitable
low-lying excited levels are listed in Table 1. The upper
part transitions belong to stable and long-lived nuclei, the
lower part to isomers with a life-time longer than 20 min.
The full list of all prospective candidates for the excitation
of low-energy nuclear transitions can be found in Granja
et al. (2007). Here we only note that with respect to its
characteristic properties (nearly 100% isotopic abundance,
the transition energy of 6.2 keV, E1 multi-polarity, and the
relatively long half-life of the laser-excited level above
6 ms), 181Ta was considered as the first candidate for
nuclear studies at the PALS. Explicitness of this selection
is partially doubted by narrow radiation (Gg ¼ 1.3 � 10212

eV) and total decay (GT¼ 1.6 � 10210 eV) widths of the
6.2 keV level (Tkalya, 2004) resulting in a rather small reson-
ance photoabsorption cross section sg � 4.0 � 10213 barn.
The only successful observation of the resonance fluor-
escence in isomeric targets (Andreev et al., 2002) was
reported on 84mRb; this is the reason why this isomer was
included in Table 1. Complicated production via irradiation
of bromine targets in a cyclotron and a very short half-life
however cast doubt on the practical use of this isomer.

The selection of stable and isomer nuclei presented in
Table 1 is optimized with respect to typical parameters of
the laser-matter interaction at the medium-energy laser facili-
ties, i.e., at systems providing energies of up to 1000 J and
subrelativistic intensities of 1016–1017 W/cm2. The charac-
teristics of the selected candidates and the feasibility of the

reliable observation of laser-induced gamma emission are
envisaged to be tested at the PALS.

EXPERIMENTAL APPROACH TO INVESTIGATION
OF LOW-ENERGY NUCLEAR TRANSITIONS

As pointed out in the induction, the hitherto efforts to
demonstrate the excitation of low-lying nuclear levels were
not too successful: they mostly provided either negative or
non-conclusive results. The same situation characterizes the
search for excitation and decay of the first isomeric state of
181Ta. The only positive results were reported by Andreev
et al. (2000) who studied the activation of 181Ta in two exper-
iments with different pico- and femtosecond lasers. The
isomer population was estimated through the analysis of
the signal detected by a scintillation detector or by a micro-
channel plate (MCP) coupled to a CCD camera. In both
experiments, the pulses corresponding to the given energy
photons were measured as a function of the time after the
laser-matter interaction and provided excitation rates which
indicate an enormous broadening of the nuclear level
widths in the plasma; if confirmed, this result would be of
primary importance for prospective energy storage in
nuclei. Despite the recently questioned validity of these
results (Fedosejefs et al., 2005; Gobet et al., 2006), a rela-
tively large amount of the experimental data (albeit negative)
was gathered. With respect to this, the redo experiments with
the 181Ta activation provide a proper test bed for checking the
experimental strategy and instrumentation used.

Table 1. Selected nuclei for low-energy nuclear excitations

Nucleus E m [keV] T m
1/2 Et [keV] T1/2

* Eg [keV] XL a

45Sc — — 12.4(2) 318(7) ms 12.4(2) M2 632(71)
181Ta — — 6.238(20) 6.05(12) ms 6.238(20) E1 70.5(25)
205Pb — 1.53 � 107 y 2.329(7) 24.2(4) ms 2.328(7) E2 4.4 � 108

192Ir 168.14(12) 241(9) y 5.06/9.86
242Am 48.60(5) 141(2) y 4.10 52.77 E2 366.8
110Ag 117.59(5) 249.76(4) d 1.13 36.7(7) ns 117.607 M3 168
84Rb 463.62(9) 20.26 min 3.48 9(2) ns 219.0 (M3)

Fig. 2. Excitation and decay in stable and long-lived unstable nuclei (a) and isomers (b).
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In most of hitherto published data, the nuclear level corre-
sponding to the E1 transition in 181Ta is characterized by a
moderate excitation energy of about 6.2 keV, lifetime t0 ~
7 ms (with complementary level width GT ~ 7 � 10211 eV),
and high internal electron conversion coefficient a ¼ 70.5.
The uncertainty in the value of the resonance energy 6238
eV stated in Nuclear Data Sheets is about +20 eV (Tuli,
2007), reported lifetimes of the excited nuclear state scatter
between 6.05 and 9.4 ms (Andreev et al., 2000; Mouchel
et al., 1981; Letokhov & Yukov, 1994). The variations in
the position, transition energy and lifetime of the excited
nuclear level can be attributed to experimental errors, to
approximations in theoretical models used, and partly also
to the configuration of the atomic electronic shell interlinked
with the nucleus level structure. Consequently, an effort to
collect reliable data must combine the application of
precise experimental methods with the detailed characteriz-
ation of the excited nuclei and their surrounding. As an
example of such approach, we mention the observation of
181Ta excitation at the synchrotron radiation source
(Chumakov et al., 1995); using 3.8 mm thick Ta foil, the
absolute resonance energy 6214+ 2 eV and 0.53 ms decay
time of the nuclear forward scattering were found. A motiv-
ation for the research under way at the PALS laser facility is
to shed more light on the 181Ta nuclear excitation and decay,
to contribute to its univocal identification in the plasma
environment, and to apply precise spectroscopic methods
for plasma characterization and checking the location of
the 181Ta resonance.

Theoretical Estimates of 181Ta Excitation Yield

In comparison with previous experiments, the novelty of the
experimental approach adopted at the PALS consists in util-
ization of a medium-size high power laser capable of deliver-
ing 1 kJ laser pulses with the full width half maximum
(FWHM) duration t ~ 250 ps and intensity of up to 7 �
1016 Wcm22 on the nuclear target. The considerably
higher energy and longer duration of the pulse results in cre-
ation of larger photon- and particle-emitting plasma volumes
and enhanced broadening of the energy levels, thus the prob-
ability for observation of the sought transition and the yield
increase.

In order to estimate the feasibility and detection limits of
the experiment, we start from the general formula describing
the reaction yield N (or the number of realized reactions) as

N ¼ D

ð1

Et

s (E)I(E)l(E)d(E),

where D is the target density, Et and s are threshold energy
and cross section of the given reaction, I(E) represents the
spectrum of photons or particles, and l is the range of projec-
tiles with a given energy. Plasma–nuclear interactions in hot,
dense laser plasmas can result in nuclear–photonic and

nuclear–electronic excitations. The process of nuclear exci-
tation to a level E* by absorption of a photon of energy Eg

can be described (Tkalya, 2004) by the resonant cross section

sg(Eg) ¼
p

2
gl2

g

GgGT

Eg � E�
� �

þ G2
T=4

,

where lg ¼ hc/E* is the photon wavelength, Gg is the partial
g-decay width and GT is the total width of the excited level
E*. The statistical factor g ¼ (2j* þ 1)/(2j þ 1), where j*
and j are the nuclear spin of the ground and excited levels,
respectively. The X-ray photon flux Ng from a unit area on
the surface S of the hot plasma volume is equal to

dNg

dtdEgdS
¼

1

l2
g

1

exp Eg=Te

� �
� 1

:

Assuming that the plasma with the electron temperature Te

produced under the action of the high-power laser pulse on
the solid target occupies the same volume as the pumped
nuclei, then the total number of isomeric nuclei N* excited
during the lifetime tp may be approximated by

N� ¼
dNg

dtdEgdS
sgni0Sl � Ni0

Ggtp

exp Eg=Te

� �
� 1

:

Here ni0 is the ion density, Ni0 is the number of ions in the
whole plasma volume V ¼ Sl, S being the plasma area on
the target surface (approximately equal to the dimension of
the laser focal spot) and l its extension along the target
normal. To estimate the X-ray emission resulting from the
decay of the excited nuclear states, Gg must be replaced by
GT/(1 þ a), where a is the internal conversion coefficient.

For the PALS nominal parameters (1 kJ, 1.315 mm, 250 ps,
7 � 1016 Wcm22 at the focal spot diameter of 80 mm), the
plasma volume created at Ta solid target is about V ¼ SL.
The plasma scale length L ~ cstp ~ 3 � 1022 cm depends on
the ion sound velocity cs ¼ (ZTe/mi)

1/2 ~ 3 � 107 cm/s. For
classical thermal conductivity, the plasma temperature can
be estimated using the formula (Zel’dovich & Raizer, 2002)
Te ~ 0.4(haI16)4/9(t/1ps)2/9 [keV] ~ 1 keV, the critical elec-
tron plasma density ne ~ nc ¼ 6.5� 1020 cm23, and the ion
charge can be approximated by the formula (Limpouch
et al., 1993) Z(Te) ~ 40(Te/keV)0.8 ~ 40. Using V ¼ 2.6 �
1026 cm23, we obtain Ni0¼ neV/Z ~ 4.2� 1013. For Te ¼

1 keV, tp ~ 1 ns, and GT � 1.8� 105 s21 (Andreev et al.,
2000), we arrive to N* ¼ 1.5 � 107 excited nuclei. Taking
into account a ¼ 70.5, the number of activated nuclei decay-
ing via x rays is about 2 � 105 which is a reasonable value
with respect to the experiments planned.

It should be emphasized that these estimates of the acti-
vated nuclei population in the plasma represent a first-order
approximation only. To determine a concentration of the iso-
meric nuclei rigorously, it is generally desired to simulate the
plasma evolution and to treat the absorption of the pumping
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x-ray continuum due to the photo-effect in more detail.
However, for our conditions, we can neglect this effect
because the photon mean free path is about 10 mm for Ta
plasma of density ne ¼ 1021 cm23. On the other hand, the
uncertainties in the broadening of the nuclear levels in the
plasma, internal electron conversion coefficient, etc., may
introduce large errors—their more precise evaluation rep-
resent one of the key issues in this field of research.

Experimental Setup and Preliminary Results

Previous sections implied that reliable identification of low-
energy nuclear transitions in subrelativistic plasmas is a
difficult task. To fully benefit from the potential of the
medium-size high-power lasers, experiments should be per-
formed under well defined conditions; the use of high-purity
targets and the application of advanced instruments and
methods for a detailed characterization of the nuclei sur-
rounding, and the monitoring of competing radiative pro-
cesses is of paramount importance for successful
measurements.

A schematic diagram of the experimental setup is shown in
Figure 3. The reported experiments were carried out by
irradiating massive Ta targets with the frequency-tripled
single laser beam of the PALS (50–250 J, 0.44 mm,
250 ps, 0.4–2 � 1016 Wcm22); the laser characteristics
were checked by a routine diagnostic complex (Jungwirth
et al., 2001). The plasma emission was observed in two con-
figurations. When measuring the X-ray and g-emission
directly from the plasma created at the Ta surface, the laser
radiation was incident normal to the target. An obvious dis-
advantage of this setup is a variable number of observed
emitters due to plasma expansion. To keep their number con-
stant, we tested the second configuration with the ions
trapped at a catcher foil. The maximum of the particles is
emitted in a direction normal to the target surface, thus the
Ta target was tilted by 608 to the laser axis and the material
of the plasma plume was collected on a parallel plate of the
organic polymer (polyimide, polyethylene, polyamide)

with the dimensions 30 � 20 � 1 mm3; the target-collector
distance was adjusted to 45 mm. Using these catcher
targets, the detectors of the nuclear events were fully shielded
against the direct view from the primary target.
Consequently, more sensitive detectors could be used with
respect to the reduced probability of their saturation and
damage by strong sub-ns X-ray pulses emitted during the
laser-plasma interaction period. The Ta ion implantation,
debris deposition and the plate surface alteration due to the
strong plasma UV radiation was checked using Nomarski
differential interface contrast microscopy and several
methods of surface chemical analysis (XRF—radionuclide
X-ray fluorescence spectrometry, RBS—Rutherford back-
scattering analysis, EMA-electron microprobe analysis, and
Raman spectrometry with spatial resolution); these results
will be published elsewhere.

The duration (about 1.2 ns) and spatial extent (200 mm) of
the strongly emitting Ta plasma were checked by a pinhole
camera (with a slit filtered by 1 mm of Be, 8.5 mm of
mylar, and 40 nm of Al to suppress photon energies
smaller than 2.5 keV) coupled to a low-magnification
x–ray streak camera with temporal resolution of 3.3 ps/
pixel and spatial resolution of 2 mm/pixel. The found
values are slightly smaller than those corresponding to the
PALS nominal parameters at 1v frequency.

The absolute plasma x-ray emissivity was measured by the
toroidally bent crystal spectrometer (TBS) combined with the
back-illuminated CCD and by the differential absorption
spectrometer (DAS). The TBS equipped with the GaAs
(400) crystal bent to the radii 450/305.9 mm (in meridio-
nal/sagittal plane) observed the plasma emission at an
angle of 258 to the target normal. The crystal was positioned
in a distance of 200 mm from the plasma source, the CCD
camera (PI-MTE, 1300 � 1340 pixels, pixel size 20 �
20 mm2) was placed at the Rowland circle in a distance of
316.5 mm from the dispersive element. The energy
window of 250 eV was centered around the photon energy
6243 eV, the spectra were corrected with respect to the spec-
trometer transfer function, energy-dependent integrated
reflectivity of the crystal and variable transmission of filters
and protective foils. The precise alignment of the spec-
trometer was checked by replacing the Ta target with the
Ti foil and observing the overlap with spectral lines Ti He
z-i and Ly g-d; the corresponding Ti spectrum is shown in
Figure 4a. For a given Bragg angle, the integrated reflectivity
of the GaAs (400) is by more than two orders of magnitude
larger than that of the GaAs (200) which in combination with
an additional filtering by the 20-mm-thick Al foil efficiently
suppresses the relatively strong Ta line emission at 3 keV.
The spectrum synthesized with the code FLYCHK (Chung
et al., 2005) for electron temperature Te ¼ 1 keV and
density ne ¼ 1 � 1021 cm23 is shown in Figure 4b. It indi-
cates that close to 6 keV, only continuum is emitted,
whereas in the energy range of 2.8–3.5 keV intense
M-shell transitions of Co-, Ni-, Cu-, Zn-, Ga, and Ge-like
Ta ions occur.Fig. 3. (Color online) Scheme of the experimental setup.
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The multichannel DAS consisting of a stack of filters
(different thickness PMMA, Cr, Mn, Cu, Mo, Ag, and Ta
foils) and LiF:Mg, Cu, P thermo-luminescent detectors
(TLD-600H, dimensions 3.2 � 3.2 � 0.9 mm3) was
employed to measure the X-ray flux in the energy range of
6.01–6.54 keV (using the filter combination Cr 30 mm and
Mn 25 mm). The spectrometer was positioned at a distance
of 95 cm from the target spot with the viewing axis oriented
at 308 to the target normal. The TLDs were calibrated with the
5.9 keV radiation emitted from the 55Fe radionuclide and
their differential signal was related to the number of incident
photons. Thermo-luminescent responses and glow curves
were recorded in an N2 atmosphere using a Harshaw Model
3500 reader and read out at 10 K/s from 320 to 570 K.

The measured emissivity of the Ta plasma in the photon
energy range around 6.25 keV is shown in Figure 5. The
results obtained with the DAS are up to a factor 3 higher
than those measured by the TBS. The observed discrepancy
in this data is explained by a non-ideal compensation of the
signal transmitted by the Mn and Cr foils at higher photon
energies. As expected, at larger laser intensities the fraction

of the high-energy photons and consequently also the discre-
pancy in signals from both spectrometers increases. At the
same laser fluxes of 1.7 � 1016 Wcm22, the Ta emissivity
achieved in one shot at the sub-ns laser PALS is by 5
orders of magnitude higher than that measured by
Fedosejevs et al. (2005) using the 45 fs, 1 mJ, 1 kHz laser
system; this comparison characterizes different experimental
approaches used.

The prospective decay of the excited nuclear states was
searched by several scintillator detectors. The plastic and
BaF2 scintillation crystals in the form of a narrow stick
(4 � 8 � 65 mm3) were glued to two fast photo-multipliers
(Hamamatsu H5783) operating in a coincidence mode and
placed into an Al case with a thin Be window. The signal
was read by a LeCroy oscilloscope WavePro7000 (band
width 1 GHz, sampling rate 1 GS/s) triggered by a TTL
signal from the laser; the duration of the fast signals was
shorter than 5 ns. The detectors were calibrated using the
55Fe and 241Am emitters, the latter one provided photons
with the energy ~ 60 keV. The NaI(Tl) scintillator (diameter
25 mm, thickness 1 mm) was protected by the 0.15 mm thick
Be window and connected to a bunch of 100 plastic optical
fibers. The outgoing signal was amplified using the
Hamamatsu H5783 photomultiplier and recorded by the
oscilloscope. All scintillators were protected against the para-
sitic signals by a combination of Al, Cu, and Pb shields. In
order to increase the sensitivity and selectivity of the
photon detection, the semiconductor single photon counting
pixel detector Medipix2 was also tested. This device pro-
vides wide dynamic range and almost 100% efficiency for
detection of 10 keV photons in essentially noiseless continu-
ous data readout mode (Vykydal et al., 2006), its perform-
ance was, however, strongly perturbed by the interfering
electromagnetic signals.

An example of the data obtained with the scintillators is
presented in Figure 6a. An analysis of the signal detected
by the BaF2 scintillator is obviously limited by a saturation
period of 3–5 ms. The detector calibration using the 55Fe
radionuclide proved that the amplitudes of the signals

Fig. 5. Absolutely calibrated Ta plasma emissive centered at 6.25 keV.
A dashed line connects points measured with the absorption foils method,
scatter points were obtained with the crystal spectrometer.

Fig. 4. Emission spectrum of the H- and He-like Ti ions used for calibration of the spectrometer (a) and the Ta spectrum synthesized by
the FLYCHK code (b).
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corresponding to the decay of nuclei 181Ta are expected on
the level of 1–2 mV, this would suggest the existence of
the decay with the half-life about 15–20 ms. However, the
analysis of the delayed photon emission shows several alter-
nate half-lives for different pulse amplitudes; this unexpected
phenomenon does not allow the univocal interpretation of the
measured signals. The collection of more complex and
reliable data should be a subject of the further research.

CONCLUSIONS AND FUTURE WORK

The purpose of the reported research is to contribute to studies
of processes and new methods between nuclear and plasma-
laser physics. Although currently limited to the investigation
of low-lying nuclear excitations in subrelativistic plasmas, its
extension to the region of higher laser intensities (providing,
e.g., the possibility to investigate laser-induced transmuta-
tions of 181Ta to radioisotopes 180Ta (Ewald et al., 2003) or
even 182Ta) in context with the planned upgrade of the
Prague laser facility PALS is expected. The experience gath-
ered in experiments using the advanced nuclear instrumenta-
tion will contribute to an implementation of these instruments
among the standard diagnostic tools.

Future applications of laser-induced nuclear reactions
should accent processes which are not covered by classic
methods of nuclear physics. They will probably concentrate
to phenomena related to particle physics and astrophysics,
including advanced tests of quantum electrodynamics.
Strong electromagnetic fields and screening effects character-
istic for the plasma environment may considerable alter
decay half-lives and positions of the nuclear energy levels.
Vice versa, spatially dependent detection of nuclear reaction
products and studying of the decay characteristics of samples
activated inside interaction chambers provide an important
diagnostic tool for plasma physicists. Finally, the laser-
induced nuclear reactions can find quite practical appli-
cations, like a production of protons and short-living isotopes
for medical purposes (Ledingham et al., 2003). To conclude,

we are at the very dawn of this new discipline of the
high-energy-density physics; its further development may
bring many unexpected trends.
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